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SYNOPS I s 
The base composition of intact, purified, oligonucleotides has been /- 
dezermined by comparing the absorption spectrum of each oligomer with cal- 
culated curves. The spectral curve of a c h  oligomer was measured in 7 M 
urea at three pH values and digitized at 1 np intervals. The calculated 
curves consisted of the sums of the absorption spectra of mononucleocides 
in 7 M urea at the same pHs., A computer was used to make the comparisons 
and establish the best fit. 
possible dimer composition isomers; trimers from pancreatic and Tl Ribonuc- 
Results are presented for nine of the ten 
lease hydrolysates of TMV-RNA; poly-A, PoIY-C, and 
tobacco mosaic virus-RNA. 
I NTRODUCT i ON 
A necessary procedure in the determination of 
acids is the base compositional analysis of pure o 
poly-U; and intact 
base sequences in nucleic 
igomers from nucleic 
acid hydrolysates. Methods com;noniy used invoive nyaroiysis or' cne piiri- 
f ied ol igomer to the constituent rinonucleotides, separati.on of the nucleo- 
tides chromatographically, and estimation of each nucleotide by its ultra- 
violet absorbance 1 . Recently, Pratt, et a1 2 , Lee, a& 3 , and Guschlbauer, 
4 et a1 , have described spectrophotometric techniques for base com- 
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positional analysis that can bo applied directly to the hydrolyzed oligomer. 
These procedures eliminate the need f o r  a chromatographic separation of the 
individual nucleotides. The requirement for hydrolysis of the oligomer, , 
however , rema i ns . 
Sacausa mothods of b a s e  soquonca dctorminacion roquito an intact  
oligomer, we wished to adapt a method of spectrophotometric analysis for 
use with unhydrolyzed single oligomers. In principle, this can be accomp- 
lished under conditions where the optical properties of the intas oli= 
some; is the sum of the optical properties of its component mononucleotides. 
These conditions may be satisfied by using solvents such as 7 M ure?,or 
ethanol5. These solvents tend to prevent the format ion of hydrogen-bonded 
base pairs, and minimize stacking between nighboring bases. Thus,one can 
- 
h 
J 
expect that, in 7 M urea or in ethanol, spectral properties of oligomers 
will approach sums of monomer properties. 
This report details some of our findings on the use of 7 M urea as a 
solvent for the spectrophotometric determination of the base conposition of 
intact oligonucleotides. Seven molar urea is a particularly convenient 
solvent because many of the effective separation techniques yield oligonuc= 
leotides as solutions in weakly buffered j ~YI  tiiea6*?. Vc; k.;.z 2 ~ 2 ! * ~ 7 0 f 4  I - - -  
spectra of chromatographically purified oligomers with the aid of a simple 
computer program which quantitatively conpares an experimental absorption 
curve with a set of possible spectra. 
programing 
However, least squares4 or linear 
2 could easily be applied to the analysis of the spectra of 
unhydrolyzed oligomers. 
EXPER I MENTAL 
Materials: blast of the studies reported here were mad0 on nucleic acid 
8, ;i I!. 
. 
diners and trimers from pancreatic RNase8 (EC 2.7.7.16) and TI RNase 9 
(EC 3.1.4.8) digests Of TMV-RNA. 
obtained commercially f rom Gal lard-Schlesincjer, New York. 
and poly-U were obtained from Miles Laboratories, Elkhatt, Indiana. TMV- 
RW was prepared from t h o  virus by a mdification” of a mothod of  Staniey 
and Bock . 
Somc of the data were taken with dimrs 
Poly-A, poly-C, 
1 1  
Purification of Urea: 
in water to a final concentration of 7 M. This solution was decolorized 
by the addition of 2 grams of decolorizing charcoal (Norit A) per liter of 
solution, followed by heating to 70 and filtering the cooled solution. 
This solution was then passed t h r 0 ~ 1 g h  a DEAE-cellulose column (2 x 20 a), 
bicarbonate form, to remove interferiag anions and the last traces of 
charcoal. 
Appropriate amounts of this dried material were added to reagent grade 
Reagent grade urea, Baker,and Adamson, was dissolved 
0 
A small amount (500 n l )  of this urea solution was freeze-dried. 
concentrated HCI and 2l4 KOH, respectively, to make stock 7 M urea-acid or 
base which were used t o  adjust the p H  of the 7 M urea buffers. 
3 M urea bu f fe t s :  
pkk 1.60, 7.05, and 11.05 by the addition of the stock urea-acid or urea- 
Portions of the 7 M urea solution were adjusted to 
meter with expanded scale. 
through Whatman No. 40 f i Iter paper. 
solution remained at constant pH f o r  several days, at 25’. 
tion at pH 11.05 decreased 0.3 pH units in 24 hours, while the solution 
at pH 7.05 increased 0.1 pH units in four hours. 
After pH adjustment, the buffers were filtered 
It was found that the pH 1.60 7 M urea 
The urea solu- 
‘The pHs of these latter 
, solutions were therefore checked and adjusted at least twice a day during 
:he spectral measurements. 
.;&’. 
flcthods: A) Preparation Of oligomers. Approximately 100 - 200 mg samples 
o f  TAV-RW were hydrolyzed a t  ptj 7.5 with pancreatic RNase o r  T 
r;Oo i n  a Radiometer TTT-IC pH-stat. 
fo l lowed by recording the arrount of standard a l k a l i  used t o  neu t ra l i ze  the 
h* released, and enough of the enzyme was added so t h a t  95% of the theore- 
RNase a t  
1 
The extent o f  the hydrolysis was 
t i c a l  I? was released w i th in  s i x  hours. The hydrolysates were then ac id i -  
f i e d  w i th  HCI t o  pH 2 and maintained a t  t h i s  pH f o r  three hours a t  40'. t o  
cleave any cyc l  i c  phosphates t h a t  rem i ned . 
dried, the s o l i d  residue was dissolved i n  10 m l  o f  7 M urea and t h i s  solu- 
t i o n  was chromatographed on a Sephadex-A-25 column a t  pH 7.6 i n  tne':presence 
of 7 M urea and a NaCl gradient . i h i s  procedure separates the nuc le i c  . 
The hydrolysate was then freeze- 
9 
a c i d  ol igor iers according t o  charge. The f ract ions corresponding t o  each 
charge were combinec. asd the 7 bi urea was reraved by rechromatography of 
a d i l u t e d  s o l u t i o n  on AG 1x2 o r  A-25. E lu t i on  of  the oligomers from A-25 . 
was accomplished w i t h  O.5M NHL; tiCO3. 
t h i s  s o l u t i o n  was evaporated under reduced pressure a t  40'. 
Kost of the NH4HC03 was removed when 
The remainder 
v o l a t i l i z e d  dur ing the subsequent freeze-drying process. The residue o f  
each f r a c t i o n  consisted mainly o f  oligomers which had the  same charge a t  
p i i  7.6. 
on a column o f  AG 1x2 using an ECI-NaCI gradient. 
S w c t r a l  measurements: Dimers and tr imers p u r i f i e d  i n  the above fashion were 
freeze-dried, dissolved i n  a small quant i ty  of unbuffered 7 M urea and added 
These oligomers were then separated according t o  base composrtion 
dropwise t o  quartz cuvettes containing 7 M urea a t  the three pHs described 
above. 
1x2 chromatogram adjacent to peak areas. These samples were t reated i n  the 
Sane manner as t h e  oligomers and added t o  quartz cuvettes t h a t  were matched 
Reference samples were made by i s o l a t i n g  blank por t ions of the AG 
, .,I\ 
*.Ill. 
with the safi?le cuvettes. 
spectrophotometer equipped with a Cary-Data No. 56-220-300 analog to 
The UV spectrum was recorded in a Cary Is 
digital attachiilcnt. 
wavelength on punched paper tape. 
micron intervals from 320 n g ~  to 225 +. 
was added to provide a maximum absorbance of 1 in the 10 mm path length 
cel Is. 
This permitted the recording of the absorbance and 
The recording w0re made at one milli- 
In general, enough of t h e  oligomer 
The punched tape was then converted to 1BM cards and the data were 
ana 1 yzed by computer . 
12 Analysis of spectral data: A coapu"cr program was devised so that data 
from the speccral curve of an unknown olisozer in 7 M urea could be com- 
pared with the calculated spectral curves of a variety of oligomers. 
program computes the spectra of c i x  ( in> /  .,'A:?. ccz2csItianaI isomers of 
chain lengch n (assuming only four bases). 
surming the spectra of the monomers in 7 M urea, weighted according to the 
base composition, 
to an absorbance of 1.000 at 260 rip and compared with the normalized absorp- 
tion curves of the unknown OligoiGer. 
spectra soriewhat diminishes the sensitivity or t h e  metnod. 
greatly simplifies the analysis, since concentrations need not be determined. 
The difference between each normalized calculated spectra and unknown is 
computed at 1 rip intervals, squared, and surined. Finally the sums of the 
squares of :he deviations at three pH's are tabulated in ascending order, 
tosether with the corresponding base composition. Thus,the possible base 
The 
,?.I: * I 
Tine spectra are calculated by 
These calculated oligomer spectra are each normalized 
The use of normalized absorption 
tiUwG;V=i-, bL:e C I S  I .. 
Conpositions are ordered from best-to-worst overall f i t .  
The library of monomer spectra used f o r  the calculations was constructed 
i n the f o 1 1 ow i ng manner : Adenos i ne-2 I - (3 ) 'phosphate , cyt i d I ne-2' - (3 ' - 
phosphate, guanosine-2'-(3')-phosphate and ~ridine=2'-(3~)-phosphate were 
dissolved, separatcly, in each of the three 7 M urea buffers, and UV spectra 
were taken as described above. 
averase of three samplcs. 
were converted to molar extinction by assuming that tho relative molar extinc- 
tion coefficients of the four mononucleotides in 7 M urea are essentially 
the same as in dilute aqueous buffer 13 . 
Each spectrum used for the library is the 
The values of the absorbances ar each wavelength 
RESULTS AND DISCUSSlON 
S3ectr-a of Diners: 
length separation procedure by i so la t i on  of the three negative charge 
fractions and rechronatography of "chis materiai, after reinoval of excess 
Ti RNase dinucleotides were obtained from the chain 
urea and salt, on an AG 1x2 column. 
separation, which resolves oligomers according to base composition, is 
The patzern of this chromatographic 
shown in Figure 1. Dinucleotides fiG3 the chain length fractionation of 
a pancreatic Rtiase hydrolysate were similarly separated on AG 1x2. In 
addition, cornercia1 dinucleoside phosphates were purified by chromatography 
on AG 1x2. Figure 2 is a pattern obtained when a mixture of the commercial 
diwrs, coribined to simulate dimers from a pancreatic RNase hydrolysate, is 
chromtographed. Each of the dimers was I w i d L d ,  t i C Z t = r '  2s deqctibed in 
the nethods section and compared with calculated oligomers from the library 
mononucleotides. The results of these corcparisons are shown in Table 1. 
It can be seen that a positive identification has been made in each case, 
since the square root of the sun of the squares of the deviations of the best 
fit is less than 1/3 of the sum f o r  the next best fit. This is expressed 
in column 3 of Table l as t h e  ratio of the square root of the second best 
fit to the square root of the best fit. 
a higher probability of a cdrrect identification. 
In general, a higher ratio means 
7 r i p c r  ~ p ? c ; r s :  
WcrC isolated as dcscribcd abovii and rcsolved according to base com?osition 
Trinuclcotidcs from pancreatic and Ti RNase hydrolysates 
as shown in Figures 3 and 4. 7ne individual trimers were isolated as 
before and the spectra taken in the 7 M urca buffers. Tnese results are 
showa in Tabla 1 1 .  It can bo sccn thait hare again, corroct  fdonzifications 
have been made in every case. i n  general, the ratios of the second best 
fit to the best fit are lower f o r  t:imcrs than fo r  dimers. This is parti- 
cularly noticeable because rost of the triners studied contain A or U. in 
these cases, the certainty of the identification can be increased by 
noting the sum of the squares of the deviations at pH 11. It is only at 
this pH that the absorption curves of A and il have fairly different shapes. 
Our results show that the bass com?osi:ion of pure dimers and trimers 
can be determined satisfactorily without hydrolysis. 
power of the nethod decreases with chain lengch. 
However, the resolving 
Correct identification of 
tetranucleotides and larger o1iSone:s thus nay be more difficult, unless the 
dzviations between observed spectra and suns of monomer spectra can be made 
s;;ialler. As shown in Tables 1 and 1 1 ,  the average error between a dimer 
spectrum and the calculated spectrun corresponds to an absorbance of 0.018 
0.0. The corresponding eiiur- ~ G F  trImey5 is 0.022 0.0, 
A major source of error nay be inpurities in the oligomers used. 
Rechromatography of a dinucleosila phosphate fraction has often resulted in 
a spectrum which agrees much more closely with the sum of the ronomers. 
One source of impurities in the above procedures for isolating oligomers 
nay be solubilized AG 1x2 which has not been adequately blanked out. 
C 
The 
AG 1x2 chromatography was used as an example of an isolation procedure. 
It could presumably be supplemented or replaced by methods such as two- 
d imens ional elect tophores i sdch ronatography 14@’5. Another major source 
I 
. 
of deviations would be any residual hypochromicity in 7 M urea at 2soc, 
Stanlcy and 90ck’~ have rcccntly reported on the effect of temperature 
on the hypochromicity of aqueous solutions of diners and trimers from 
pancreatic ribonuclease digcsts. Thcy found that raising the temperature 
decroasas tho hypochrornicity, but  not to t h o  point  whcro tho optical pro- 
perties of the oligoners were equal to the sum of monomer properties. 
sumably a combination of 7 1y urea and increased temperature would result 
in oligoner spectra which more closely fit the sums of monomer properties, 
Davis 
solutions of ApA and ApAp are very close to Chat of the monomer. 
ethanol or nethanol irierits consiaera’ilon as an alternative or adjunct 
to urea. tiowever, the insolubility of  long oligomrs in alcohol may limit 
its usefulness. 
Pre- 
5 bas observed that the optical rotatory dispersion (ORD) of alcohol 
Thps 
Since the hypochromism of smll olisoiucleotides arises from base 
stacking, i t  should be possible tG refine the above calculations of oligomer 
spectra by including any remining nearest neighbor  interaction^'^. Trimer 
and higher oligoiner spectra would then be used to fit the experimentally 
determined dimer spectra. 
mination, but would also invoive l l lu~Ii s i - c ~ t z r  euyrimental and conputational 
com?lexity. 
time. 
Spect ra  of Polymers: 
ihis shotild increase the accuracy of the deter- 
We do not feel that these refinements are cal.led f o r  at this 
It is apparent that the methods we have used for the 
analysis of the base composition of oligomers would be unsatisfactory for 
the analysis of polynucleotides: iC is inefficient to have to spell out a l l  
of the possible base compositions for chain lengths greater than 5 or 6 .  
In addition, the accuracy of determining an arbitrary base composition 
i s  hindered by the strong s*imiIarities between the spectra of A and U. 
2 It has becn shown by Prat t ,  et a1 t h a t  t h e  ncthods o f  l i n e a r  programing 
are capable of determining accurate b a s e  corqosi t ions of random mixtures of 
mononuclcotide~. It i s  therefore Of i n t c r c s t  to see whether experimental 
conditions can be found i n  which t h e  spccc luin  of a polymer i s  essen t ia l l y  
t h e  sum of t h o  Spcctra of i t s  nononcrs. 
the spectra of several polynucleotides i n  the 7 M urea bu f fe rs  described 
e a r l  ier .  
Towards t h i s  end, we havo cxamincd 
T i e  spectra of poly-A, poly-C, ;ad poly-U, and TKV-RNA were corrpared w i t h  
those of the monomers i n  7 (Y urea a t  pH 7 and l l ,and the resu l t s  are shown 
i n  Table 111. 
of the polymers i n  acid. 
squared deviat ions o f  the monocer and po:ycer spectra a t  bozh pH 7 and 11 d i f f e r  
by about 0.1 t o  0.2. This differertce i s  f i v e  to t en  times greater than 
our average results f o r  dimers and tr imers. inspection 04 the spectra shows 
t h a t  The absorption curve of poly-A, i n  7 by urea i s  sh i f ted 2 ri t o  the b lue  
when compared w i t h  A-21-(31)-phosphate. 
w i t h  aqueous solutions18. 
We were unable t o  L S C  pH 1.5 Lecause o f  the i n s o l u b i l i t y  
i n  t h e  ccsc of p0iy-A and poly-C, the sum o f  the 
S i m l  la; e f fects  have been observed 
Apparently poly-A s t i l l  re ta ins s o m  secondary 
structure,  even i n  the presence o f  such st rongly  denaturing condit ions as 
7 fi  urea. 
When these spectra are normalized to  1 a t  260 w, the magnitude o f  abosrbance 
a t  the shorter wavelength i s  s l i g h t i y  d i f f e r e n t  i n  the two cases. 
accounts fo r  most of the spectral  d i f ference shown i n  Table I l l .  
of poly-U a t  pH 7 i n  7 M urea i s  very close t o  the spectrum of U-2'-(3')- 
phosphate. The dev iat ion between t h e  two curves i s  no larger  than tha t  
The long wavelength bands of poly-C and monomer c aimosr s q x r i , - - , - - - -  .tpua=
This 
The spectrum 
observed wi th  an average dimer or trim;. At pH 11 the spectrum of the poly- 
mer i s  very d i f ferent  from t h a t  or' the mno;;ler, and i n  fact, seems to be 
GlQser to the  spectrum o f  U4'-(3')-phosphate a t  pH 7. This e f fec t  may w e l l  
be due to a shift in the pi( of the bsses d u e  to their presence in a poly- 
electrolyte. 
the four mononucleotides were weightci according to the base composition 
determined by several workers,4D19D20~21 and sumicd. 
For comparison with the spcctrum of TMV-RNA, the spectra of 
From Table 1 1 1  it can 
bc soon that tho agreement batwocn the polyner spectrum in tho 7 M urea and 
tSe sum of the monomers is excellent at pH 7. The spectra of two different 
samples of TKV-RW were measured. I n  both cases, the best fit i s  obtained 
using the base composition data of Reddi . From the four sets of results 
shown, it is avident that this method has reasonable sensitivity to small 
2t 
changes in base conposizion. The spectral ssreement of TIYV-RNA and,;he sum , 
of its mnomers at pH 11 is no better than that  observed for poly-A and poly- 
C, but this may well be due to t h e  sate effects that contribute to the devia- 
tions with poly-U. This point could be examined more thoroughly by studying 
spectra as a function of salt concentration., While added salt might stabi- 
lize secondary structure slightly, it shou:d diminish any shifts in the 
alkaline pH of t he  bases in poly4 o r  of the U ' s  and G's in RNA. 
In view of the fact that this nethod analyzes the base com?osition of 
intact oli5oners. it should be adaptable to automated procedures where the 
determinations are made directly on COiUiiiii ~ r f : i i e G t s .  
The authors are pleased to acknowledge the advice and' encouragenent of 
D r s .  T. H. Jukes and 1. Tinoco, Jr., and the excellent technical assistance 
of Mr. Frank Fearney. ' 
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Figure 1. 
an AG 1X 2, 200-4.00 mesh, colmn (1.1 X 50 cm). 
i o  nil and the flow r a t c  was 70 ml/hr. 
0.001 M HCI to 0.01 M H C I .  
Scparstion of diners from a TI RXase hydrolysate of TMV-RNA on 
The fraction volume was 
Linear gradient as indicated from 
Figure 2. 
a pancreatic RNase hydrolysate. 
ditions as shown in Figure 1. 
Separation of dimers from a corriiiercial source mixed to simulate 
Co:umn dinensloas and chromatography con- 
Figure 3. Separation of trincrs 
Coluirn dimensions arid flow ra te  a i e  the szme as in Figure 1. 
from 0.01 M XI to 0.01 M CHI- 0.4 NaC:. 
a ? I  RNase hydrolysate of THVARNA. 
Linear gradient 
Figure 4. Separation of trimers from a pancreatic RNase hydrolysate of TMV- 
RM. Column dimensions, and chromatography conditions the same as in Figure 
3 .  
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TRIMER DEVIATIONS 
pH 1-6 
SSQ 
0.026 
0.013 
0.018 
0.026 
0.094' 
0.129 
0 .ox3 
0 A43 
0.059 
0 .O% 
0.014 
0 -047 
Pfl 7 
SSQ 
0.015 
0.009 
0.0:7 
0 A33 
0 0059 
0 -077 
0.051 
0 .O% 
0.058 
0.038 
0.019 
0 .OM 
pH 11 
SSQ 
0.035 
0.021 
0 . o u  
0.007 
0.069 
0 -072 
0 0073 
0 -082 
0 .OSL:. 
0 .G70 
0.073 
c .0$3 
0 277 
0.206 
0.281 
0 0355 
0 .M5 
0.528 
O.L;?5 
0 Li23 
0.4:5 
c .3s2  
c .32; 
0.373 
F% 
0.817 
0.750 
0 -635 
1.129 
1.422 
1 .283 
1.155 
0 -786 
0.827 
?.I81 
0 -622 
4- 
mq- 
2 095 
3 -69 
2.26 
3.18 
2 093 
2.43 
2 *?8 
1.86 
1.99 
3 -01 
1.91 
T s b l e  11. Colum headings are explained in 
Table 1 .  Average error . 
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DIIVIER DEVIATiONS 
Dimr 
CA 
AG 
AU 
cc 
CG 
t 
UG 
Average 
p~ 1.6 
SSQ* 
0 -067 
0.023 
0 -036 
O.Oi0 
0.038‘ 
0 -057 
0.042 
0.020 
0 .ooi 
0.032 
pn 7 
SSQ 
0 -028 
0 ,,03 9 
0 -022 
0.319 
0.008 
0.021 
0.025 
0.020 
0 .O? 5 
0.022 
0.023 0.343 
0.022 0,291 
0.0kl 0.315 
0,022 0.226 
O.OO7 0.230 
O.i72 -’ 0.500 
0.071 0.372 
O.CO9 0.219 
C . C L 5  0.250 
0.045 0.305 
1 ,123 
I .e69 
1 .k52 
0 -967 
5 OM3 
1 ,825 
1.354 
1.389 
I .602 
3 027 
6.42 
4.61 
4.28 
23 -5 
3 065 
5. ; 25 
6 034 
6.41 
.. 
Table 1 .  “ I s  :he sum of the squares  of the dev 
a t  the pH indicated i n  each column. 
st ions 
;:;:.is t h e  square i O O t  of zhe square deviations 
totalled over  t h e  t h r e e  PES. 
.-a. ~:.:.ls t h e  square root of t h e  squared deviations 
LVi * -  * L -  L & , b  A 7 r n - p  _....-. ?bar .  cave t h e  second best f i t .  
Average error =,- = 0.018 0.0. 
v m 
T R I M E R  DEVIATIONS 
GGC 
G GU 
GUG 
Average 
pH 1-6 
SSQ 
0.026 
0.013 
0.018 
0.026 
0.096' 
0.129 
0 .OM 
0 .043 
0 -0% 
0.046 
0.014 
0.047 
PH 7 
SSQ 
O . O i 5  
0.009 
0.017 
0 -033 
0 .GS9 
0.077 
0.051 
0 .OS& 
0.058 
0.038 
0.019 
0 .om 
Table 11. 
pn 1 1  
SSQ 
0.035 
0.021 
0 .ou 
0.~07 
0.069 
0 .G72 
0.073 
0.082 
o -054 
G .G70 
0.073 
0.050 
:. .,;ssq; 
0 9 277 
0.206 
0.281 
0.355 
0.485 
0.528 
0,4?5 
0 -423, 
0.4i5 
0 ,352 
0.326 
0 -373 
i=q 
0.817 
0 .760 
0.635 
1.129 
1.422 
1 283 
1 .I55 
0.786 
0 e827 
1.181 
0.622 
2.95 
3.69 
2.26 
3.18 
2.93 
2.43 
2 e 7 8  
1.86 
1.99 
3.01 
1 .g1 
Coltian headings a r e  explained in 
Table 1. Average e r r o r  
POL','XR DEVIATIONS 
Pol y m r  
PO I y-A 
p o l y - c  
poly-u  
TIY V- R SA2 1 
T4Y v- RNA1 9 
TtfIV-RNA4 
TZV- RM20 
" 
f '  pH :1 pH 11 
SSQ SSQ !.' '! pH SSQ ' SSQ JTSSg' PH 7 
0.1 13 0.102 , 0.464 
0 . 286 0 232 0.719 
0 -036 1.81 1 1.359 
0.036 I 0,128 0 .LiOG 0,OL;L; 0.174 0 0467 
0 ,048 0 142 0 .k36 0 -057 0.191 !,0 04% 
0.071 0.153 0 . b73 0.082 0.204 0.534 
0 -039 0.1 I5 0 3 2  0 . 0 4  0.157 0 .&52 
Table  1 1  1 . The honoplyifizr valires represent con- 
pai-Isons beewcen t h c  po:yner spect i -a  
aad zhe Eo;1occr s p c c z r a .  The YKV-RM 
values were c a l c u l a t e d  a c c o r d i n g  20 t h e  
b a s e  con2ositions g i v m  i n  e a c h  of t h e  
r e f e r e n c e s  c i t e d ,  ana coc?ared with 
e x p e r i n e a t a l  c u r v e s  o b t a i n e d  from intact  
TMV-RNA. 
